BERK, RICHARD S. (Wayne State University, Detroit, Miich.), AND JAMES H. CANFIELD. Bioelectrochemical energy conversion. Appl. Microbiol. 12:10-12. 1964.-The interaction between photosynthetic microorganisms and an inert electrode material was examined. Cathodic polarization values of platinum-bearing
marine algae were obtained over a wide current-density range under both illumination and dark conditions. A potential shift of 0.6 v in the cathodic direction occurred upon illumination at a current density of 4.3 ,.aa/cm2. Similar photo-induced results, involving anodic polarization, were obtained by use of resting cells of Rhodospirillum rubrum supplemented with malate. Appropriate combinations of such bioelectrodes were used to assemble an electrochemical cell capable of light-dependent production of electrical energy.
The potential use of living microorganisms or their enzyme systems for the conversion of chemical energy to electrical energy has recently come under intensive investigation. Despite many technical difficulties, the successful development of such apparatuses lends itself to potential industrial application. For example, experiments of this kind could be utilized for the study of corrosion mechanisms of tubing employed in oil field operations as well as the corrosion of other metallic materials.
Although bacteria-electrode interactions have not been studied to any great extent, some of the earliest studies of this kind were carried out by Cohen (1931) . He studied the overall potentiometric intensity of chemical reactions during bacterial growth, with the eventual synthesis of a biological fuel cell as his goal. Other workers (Booth and Tiller, 1960) used electrochemical techniques to study anaerobic corrosion of iron and steel by sulfate-reducing organisms such as Desulfovibrio desulfuricans. In addition, the interaction of photosynthetic organisms and electrode materials has been a useful tool for evaluating spectral responses (French, \Iyers, and McLeod, 1960; Haxo, 1960) . M1ore recently, a glucose oxidase electrode system for potential use in a microbial fuel cell was investigated by Davis and Yarbrough (1962) , and some of the properties of chemical fuel cells were compared with those of biological power devices by Rohrback, Scott, and Canfield (1962) .
In this paper, we describe the electrochemical influence of photosynthetic organisms growing on or situated near platinum electrodes. Electrochemical data of two half-cell systems composed of a marine algae and Rhodospirillumn rubrum are presented. In addition, data are presented which demonstrate that the combination of two dissimilar photo-dependent half-cells results in the assembly of a biological solar battery wherein light energy is converted to electrical energy.
M\IATERIALS AND 'METHODS
Cultures. R. rubrum was grown in a medium previously described by Gest, Kamen, and Bregoff (1950) for 3 to 4 days under anaerobic conditions and constant illumination. Excellent growth was accompanied by production of carbon dioxide and hydrogen. The bacteria from such cultures were harvested by centrifugation, washed twice with 0.1 M phosphate buffer (pH 7.2) containing 0.2 % sodium sulfide, and suspended in 0.1 M phosphate buffer (pH 6.6) for both electrochemical and manometric studies. Photo-evolution of hydrogen was measured quantitatively from malate (50 ,moles/ml) under a helium atmosphere by conventional manometric procedures (Umbreit, Burris, and Stauffer, 1957) .
The blue-green marine algae, tentatively identified as a member of the family Oscillatoriaceae, were photosynthetically grown on the surface of perforated platinum electrodes, and were maintained in a medium prepared from filtered sea water containing 0.3 % potassium acid phosphate, 0.01 %/ sodium bicarbonate, and 0.1 %l ammonium chloride (pH 6.0 to 6.6). Illumination of growing cultures of algae and resting-cell suspensions of R. rubrumn (1011 cells per ml) was provided by means of a 150-w incandescent bulb located approximately 30 cm from the glass containers.
Polarization studies. Electrode polarization studies were performed in the conventional manner by passing current between two platinum electrodes (9.3 cm2 in area) immersed in the appropriate nutrient or cell suspension. The current source was a 6-v storage battery connected in series with a variable resistance, an ammeter, and electrodes. The potential of the anode or cathode was measured by use of a high-impedance voltmeter with a saturated calomel electrode (SCE) as a reference. Potential readings were made over a range of currents from open circuit (zero currenit) to 0.6 ma. Current densities were cal-culated from the current measured in the external circuit and the apparent electrode surface area.
Experiments for demonstration of power generation employed double-compartment cells, separated by a cellophane dialysis membrane to allow passage of ions. An electrode (9.3 cm2) bearing growing algae (cathode) was immersed in enriched sea water in one compartment, and a clean electrode (9.3 cm2) was immersed in a suspension of R. rubrutm supplemented with malate in the other compart- ment. Open-circuit potentials were measured with a highimpedance voltmeter; short-circuit currents were measured by connecting the electrode leads briefly to an ammeter. No external current source was employed in these determinations. Improved results were obtained by using platinized platinum electrodes prepared by brief electrolysis of the platinum in a solution containing 3% platinic chloride and 0.025 % lead acetate.
RESULTS
In single-electrode studies, a sandblasted platinum electrode bearing growing marine algae, when maintained at a current density of 4.3 ,ua/cm2, exhibited a potential shift of 0.6 v in the cathodic direction upon illumination. Resumption of illumination again caused a cathodic shift. Similar results were observed over a wide range of current density (Table 1) . Electrodes maintained in suspensions of other algal species (as contrasted with the algae-coated electrode) behaved in a similar manner.
An anodic shift of 0.6 v was observed with a sandblasted platinum electrode immersed in a R. rubrum suspension. Response to illumination was slower than that observed with the algae. These effects occurred over a much narrower range of current density, the maximal shift occurring at 2.2 ga/cm2 (Table 2) .
A cell assembled with an algae cathode and a R. rubruna suspension anode (sandblasted platinum electrodes) gave, after continuous illumination for 21 hr, an open-circuit voltage of 0.96 v and a short-circuit density of 75 ga/cm2. Thereafter, the behavior of the cell degraded (Table 3) . A cell free of organisms, operated for comparison, gave a decrease in open-circuit potential over 7 hr from 0.19 to 0.03 v. Short-circuit current density decreased from 7.0 to 6.1 ga/cm2. The behavior of this control is attributed to an initial concentration difference across the dialysis membrane followed by gradual diffusion of components between compartments. Another control cell which employed organisms and was maintained in the dark gave negligible results, similar to those of the nonbiological control.
The use of platinized platinum electrodes gave a significantly improved performance. One such cell had an open-circuit potential of 0.917 v and a short-circuit current density of 162 ua/cm2 after continuous illumination for 24 hr. This behavior could be maintained for several days, providing fresh nutrients were supplied to the anode and cathode compartments. Maintenance of this cell in the dark for 16 hr (subsequent to long illumination) resulted in an open-circuit potential of 0.58 v and a short-circuit current density of 62 ga/cm2. Subsequently, illumination for 1 hr was accompanied by an increase in open-circuit potential to 0.83 v and in short-circuit current density of 120 ga/cm2.
DIscussIoN
These data amply demonstrate the ability of specific microorganisms to convert light energy to electrical en-VOL. 12) 1964 BERK AND CANFIELD ergy. A ready explanation for this phenomenon is that the photosynthetically evolved gases (hydrogen and oxygen) participate in subsequent electrochemical reactions. The mechanism by which electricity is produced from the combining of two dissimilar half-cells can be explained by first examining the individual reactions separately. The following reactions represent both the biochemical and electrochemical reactions at the anode:
C4H605 hv H2 + C02 + other products malate R. Xrubrum H2
The following reactions take place at the cathode:
CO2 + H20 h (CH20)X + 02 algae 02+ 2H20+ 4e& -4 OH-Finally, the products of the two half-cell reactions combine with the production of an electrical current. The electrical power derived from these cells is estimated to be approximately 0.1 to 0.2 % of that available from the incident radiation. This low efficiency is attributed both to biological and electrochemical inefficiency.
Although the purpose of this manuscript is to demonstrate the feasibility of assembling a biological fuel cell, it should not be inferred that such a cell would be superior to conventional fuel cells. Certain inherent problems with systems of this kind are difficult to overcome. For example, substrate depletion, toxic product accumulation, limited viability of microbial cells, and temperature and electrolyte restrictions are all technical difficulties which cannot be completely resolved even when fuel cells are constructed to employ chemostatic principles. Consequently, it is doubtful that biological fuel cells could yield energy efficiencies equivalent to conventional solar cells. However, the use of bioelectrochemical techniques for the study of bacteria-metal interactions could ultimately become an invaluable research tool.
